(ABSTRACT)
For longitudinal spin Seebeck effect (LSSE) devices, a multilayer structure comprising ferromagnetic and nonmagnetic layers is expected to improve their thermoelectric power.
In this study, we developed the fabrication method for alternately stacked yttrium-irongarnet (YIG)/Pt multilayer films on a gadolinium gallium garnet (GGG) (110) Recent advances in the miniaturization of computing and mobile devices have increased the need for small power generators. In this context, the longitudinal spin Seebeck effect (LSSE) has gained attention, since it enables thermoelectric power generation with a small and simple structure consisting of a bilayer of ferromagnetic material (FM) and nonmagnetic metal (NM). [1] [2] [3] [4] In an LSSE, when a temperature gradient is applied in the bilayer, a magnon flow in the FM is converted into a spin current in the NM by the interfacial exchange interaction. Subsequently the spin current in the NM generates a thermoelectric voltage via the inverse spin Hall effect, if the spin-orbit coupling in the NM is strong enough (e.g., Pt).
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Theoretically, high thermoelectric efficiency is expected from LSSE devices, since their output power is not limited by the Wiedemann-Franz law for conventional thermoelectric elements based on the (charge) Seebeck effect. 2, 4, 10 However, in practice, the LSSE thermoelectric power is very small. 4 This has driven a search for materials to improve the LSSE power. 2, 4 Besides, the structural design of thermoelectric elements is also a research target to increase LSSE power. 2, 4 Recently, LSSE power was found to be enhanced in alternately stacked FM/NM multilayers. 4, [11] [12] [13] [14] [15] Ramos et al. reported [Fe3O4/Pt]n multilayer LSSE devices formed by repeated growth of n ferromagnetic oxide Fe3O4 and NM Pt bilayers, using pulsed laser deposition (PLD) and sputtering, respectively. 12, 13 They found that the voltage as well as the power generated by the LSSE increase with increasing n. They attributed the LSSE voltage enhancement to the increase in spincurrent amplitude in the multilayers, which also enhances the LSSE power in combination with the increase in electrical conduction with n, because of the parallel connection of the conductive Pt layers. 4, 12 A similar experimental result was reported also in [CoFeB/Pt]n multilayers. 11 Hence, the design of the FM/NM multilayers has received attention in terms of fundamental physics as well as applications. 4 In this letter, we report the development of a fabrication method for high-quality
[YIG/Pt]n multilayers, formed by n times repeated growth of YIG/Pt bilayers based on sputtering and post-annealing, and show their structural and magnetic properties as well as the LSSE results. Yttrium-iron-garnet (YIG: Y3Fe5O12) is a ferrimagnetic insulator exhibiting an exceptionally long magnon-diffusion length and is the fundamental material for LSSE and magnonics research. 4, 16 In addition, because of its highly insulating property, the use of YIG in LSSE devices allows us to avoid a possible overlap with the anomalous Nernst effect of the FM layer, which may have been an issue in previous ferromagnetic metals Fe3O4-and CoFeB-based LSSE devices. [11] [12] [13] [YIG/Pt]n multilayers are fascinating for future LSSE-based thermoelectric application and other spintronic devices based on, for instance, magnon-mediated current drag and magnon valve effects. [17] [18] [19] [20] [21] However, there is no report focusing on its fabrication, the reason of which may be due to the difficulty in stacking YIG/Pt bilayers with maintaining clean and flat interfaces.
In general, for crystallizing YIG layers, high-temperature annealing (at ~ 800℃) is necessary. 17 However, there are two fundamental problems in this high temperature process: (1) Pt films on YIG layers are easily deformed and may become aggregations and (2) the constituents such as oxygen tend to be easily desorbed from YIG layers for For LSSE measurements, to apply a temperature difference, Δ T, the sample was sandwiched between two AlN plates. The lower AlN plate, which was in contact with the bottom of the GGG substrate, was heated using a Peltier module, while the temperature of the upper AlN plate, in contact with the top surface of [YIG/Pt]n (with a contact area of 5×2 mm 2 ), was kept at RT by connecting a heat bath. To measure ΔT, thermocouples were attached to the upper and bottom AlN plates. 22 We note that, although the estimated ΔT value may contain error due mainly to interfacial thermal resistance between the sample and AlN plates, [23] [24] [25] its variation between each measurement was confirmed to be negligibly small (only 1.2% variation in the SSE voltage VSSE for 6-times different For all three samples, a diffraction peak was observed at 40.85º, slightly lower than that of GGG (440) diffraction, and its intensity (270 cps) was almost identical for all the samples. We assign the peak to the (440) diffraction from the first-YIG layer epitaxially grown on GGG, as confirmed in the TEM images. For n = 3 and 5, we also observed other peaks at 28.73º (for n = 5) and 32.22º (for n = 3 and 5), which can be assigned to the YIG (400) and (420) From the peak position of YIG (440) diffraction, the out-of-plane lattice constant of the (first) single-crystalline YIG layers was determined to be 1.2486 nm, larger than that of both GGG (1.2383 nm) and bulk YIG (1.2376 nm). These results are consistent with previous reports on the epitaxial YIG thin films on GGG by PLD and sputtering, 26, [28] [29] [30] [31] [32] [33] and can be attributed to the off-stoichiometry of YIG.
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Subsequently, we investigated the magnetization, M, and ferromagnetic resonance (FMR) spectrum to reveal the magnetic properties of the YIG layers at RT. The observed enhancement and almost saturated behavior of SS when n ≥ 2 is different from the previous report in [Fe3O4/Pt]n multilayers. 12 In Ref. 12 , SS(n)/SS(1) increases to 255% at n = 2, then it monotonically increases with increasing n, and it finally takes the maximum value of 370% at n = 6, greater than our present value. In Ref. 12, to interpret the LSSE enhancement, the authors theoretically propose that the interfacial spin-current continuity between Fe3O4 and Pt leads to an increased amplitude of spin current in [Fe3O4/Pt]n multilayers, which is more than twice higher than that in a Fe3O4/Pt bilayer.
On the other hand, our results can be explained simply by the double transfer of the spin currents into the Pt layer from the upper and lower YIG layers. The multilayer [YIG/Pt]n for n ≥ 2 has (n−1) sets of the sandwich structure of YIG/Pt/YIG. In such Pt layers, the spin currents are transferred from YIGs through the upper and lower interfaces. We here infer that the longitudinal magnon spin-current has the same magnitude in all the YIG layers, being motivated by the fact that (i) each YIG layer has an almost identical saturation magnetization and (ii) the robustness of spin current against YIG crystallinity is reported for YIG/Pt systems through LSSE measurements. 35 As a result, the spincurrent amplitude of Pt in YIG/Pt/YIG takes the value twice as large as that in YIG/Pt. In this scenario, the open circuit voltage for [YIG/Pt]n may change by a factor of (2−1/n) compared to n = 1, resulting in an increase in the LSSE coefficient SS with n and giving the maximum SS value twice larger that of n = 1 for n ≫ 1. In Fig. 4(b cause an increased loss of spin current at the YIG/Pt interfaces than at the Fe3O4/Pt interfaces and may make the previously-assumed spin-current continuity condition in Ref.
12 unreasonable for the present [YIG/Pt]n systems.
Although the LSSE coefficient is almost saturated when n ≥ 2, the resistance of the samples decreases monotonically with increasing n, meaning that the power factor (PF) still increases with n. In Fig. 4(c) we plot the PF, defined as SS 2 /RS. 4 The PF value of n = 5 is 0.02 pWK − 2 , which is 27.5 times greater than that of n = 1. The results show that the [YIG/Pt]n multilayers are beneficial in terms of PF.
In conclusion, we fabricated multilayers consisting of GGG/[YIG(49 nm)/Pt(4 nm)]n/YIG(2 nm) (n = 1 to 5) and investigated their structural and magnetic properties and their LSSE against the number of layers n. We show that well-crystallized [YIG/Pt]n with flat interfaces can be grown by RT sputtering and subsequent ex-situ face-to-face RTA processes. Using these samples we observed clear LSSE signals and found that PF increases monotonically with increasing n, although the LSSE coefficient S is almost saturated when n ≥ 2. The knowledge about the [YIG/Pt]n fabrication reported here may be important for industrial applications of LSSE multilayer elements.
